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Abstract 


The design and manufacture of dies/tools for producing sheet metal components is extremely 
costly and time consuming. The high cost and long lead-times of die design/development and 
manufacture are mainly due to the traditional trial and error procedures used by skilled die 
designers and makers to obtain the correct tooling shape and forming conditions that will yield 
the desired part shape and properties. The design phase of dies/tools for a given component 
involves several calculations and subsequent decisions based on heuristics and existing trade 
practices in industry. A process planner may have to spend lot of time in analyzing the 
given problem and/or in consulting the handbooks for various relations to arrive at desired 
solution. Furthermore, the designed die quality will be dependent on process planner’s skill 
and experience. To overcome above mentioned problems and to sustain competitiveness, there 
is a need for an intelligent aid to the process planner. 

Review of the published literature revels that there have been few attempts to develop an 
aid to the process planner to decide about the process sequence. However, those attempts 
are mainly based on expert system related to the limiting drawing ratio, sequencing etc. 
besides complicated way of object modeling. Development of an expert system regarding the 
formability limits of commonly deep drawn materials, for the range of process parameters 
used in the deep drawing process is very difficult. Therefore, an attempt is made in the 
present work to develop a knowledge based process planning system which uses the geometric 
primitives to model the object in conjunction with an analytical model to estimate limiting 
drawing ratio for first as well as subsequent draws to produce the required geometry. 

An attempt is made to develop a Knowledge-based process planning system for axisym- 
metric deep drawing. Parametric object modeling using geometric primitives for feature 
based geometric description makes the input of geometric information to the system easier. 
Required database was developed for material properties, tribological data and presses. Die 
design rules have been implemented to give the die arc and punch radii at each stage of 
drawing. The objective of the system is to generate all feasible operation sequences, through 
which the desired cup specified can be produced. The number of stages is determined by the 
process analysis model developed by Sonis[ 2001] , which estimates the limiting drawing ratio 
for first as well as subsequent draws. The knowledge based system developed generates all 
feasible process sequences considering formability limits and the rules in the database. User 
can select the best among them. 
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Chapter 1 

Introduction and Literature Survey 


1.1 Introduction 

In today’s competitive world there is an increasing need of high quality components produced 
at lower cost. Deep drawing is a process in which a blank or workpiece, usually controlled 
by pressure plate, is forced into and/or through a die by means of a punch to form a hollow 
component in which the thickness is substantially the same as that of the original material. 
For producing most of the deep drawing components multiple draws are required. The design 
and manufacture of dies/tools for producing deep drawing components is extremely costly and 
time consuming. It is necessary to cut down the time for developing, designing and producing 
the dies/tools for the production of sheet metal components so as to stay competitive in the 
global economy. The high cost and long lead-times of die design and manufacture are mainly 
due to the traditional trial and error procedures used by skilled die designers and makers 
to obtain the correct tooling shape and forming conditions that will yield the desired part 
shape and properties. The design phase for a given component involves several calculations 
and subsequent decisions are based on heuristics and existing trade practices in industry. A 
process planner may have to spend a lot of time in analyzing the given problem and/or in 
consulting the handbooks for various relations to arrive at the desired solution. Furthermore, 
the designed die quality will be dependent on process planner’s skill and experience. 

To overcome the above mentioned problems and to sustain competitiveness, there is a 
need for an intelligent aid to the process planners. Generation of a process plan needs a 
model, which should be based on the science of the deep drawing process. Modeling in its 
initial form can be seen as an aid in understanding the process and its parameters. Without 
the complete knowledge of the influence of the variables such as material property variations, 
friction conditions, punch/die geometry and work piece geometry on the process mechanics, it 
will not be possible to predict and prevent the defects or to design the equipment adequately. 
For generating an automatic process sequence design, there is a need for the development 
of computer model that uses the design knowledge and properties available from the hand- 



books. This computer model should incorporate a process analysis module (based on the 
force equilibrium method) so that it can help to retain the ’know-how’ in the company even if 
the designer leaves. It will also helps in standardization of design practices. Stage design and 
process planning for the manufacture of sheet metal components by single and multi-stage 
deep drawing requires knowledge of limiting drawing reduction (LDR). 

Number of approximate methods of analysis have been developed and applied to various 
metal forming processes. The most well known methods are the slab method, slip line field 
method, upper bound method and finite element method. Upper bound and slip-line field 
methods require the assumption of kinematically admissible velocity and statically admissible 
stress fields respectively. In finite element method, the domain of interest is divided into a 
number of suitable elements and the governing differential equations of the system are reduced 
to algebraic equations by using appropriate approximations for the field variables over the 
elements. Finite element analysis can predict more accurate forming loads and determines 
the effect of various process parameters on the metal flow. The models based on the finite 
element method are intensively time consuming. Therefore in the present work a model based 
on the force equilibrium method has been used to estimate the limiting drawing ratio. 

Present work aims at developing a knowledge-based process planning system for axi- 
symmetric deep drawing. It incorporates the object modeling (feature based geometric de- 
scription) to obtain the required blank size, process analysis model to estimate the limiting 
drawing ratio for single and multi-stage deep drawing considering various aspects such as 
anisotropy, plastic instability, material property variation, etc. of the given material. Devel- 
opment of a knowledge-based process planning system will help process planners in developing 
and evaluating process sequences and in predicting possible defects/problems before the actual 
dies/tools are manufactured. Ability to predict and prevent problems will allow prior modifi- 
cation of the process sequence/tool design with obvious financial and time saving. Additional 
advantages are that more accurate and consistent plans can be generated. 

1.2 Deep Drawing Process 

Drawing is a sheet-metal forming operation used to make cup-shaped, box-shaped, or other 
more complex-curved, hollow-shaped parts. It is performed by placing a sheet-metal blank 
over a die cavity and then pushing the metal into the opening with a punch, as shown in 
Figure 1.1. The blank must usually be held down flat against the die by a blank holder. 

A blank of diameter D 0 is drawn into a die by means of a punch of diameter D p . The 
punch and die have corner radii, r v and r^. The sides of punch and die are separated by a 
clearance which is about 10% greater than the stock thickness. The punch applies a downward 
force F to accomplish the deformation of metal, and a downward holding force Fh is applied 
by the blank holder to prevent wrinkling, as shown in the Figure 1.1. 



Punch 



Figure 1.1: Drawing of a cup-shaped part: Symbols c = clearance, D 0 = blank diameter, D v 
— punch diameter, = die arc radius, r p = punch corner radius, F = drawing force, Fh ■ 
blank-holding force. 




- Straightening 



thickening of flange 



Figure 1.2: Stages in deformation of work in deep drawdng: (1) punch makes initial contact 
with work, (2) bending, (3) straightening, (4) friction and compression, and (5) final cup 
shape showing effects of thinning in the cup walls, (v = velocity of punch, F = punch force, 
Fh = blank-holding force) 


As the punch proceeds downward towards its final bottom position, the work experiences a 
complex sequence of stresses and strains as it is gradually formed into the shape defined by the 
punch and die cavity. The stages in the deformation process are illustrated in Figure 1.2. As 
the punch first begins to push into the work, the metal is subjected to bending operation. The 
sheet simply bent over the corner of punch and the corner of the die, as in the Figure 1.2(2). 
The outside perimeter of blank moves in toward the center in this stage, but only slightly. 

As the punch moves further down, a straightening action occurs in the metal that was 




previously bent over the die radius, as shown in Figure 1.2(3). The metal at the bottom of 
the cup as well as along the punch radius, moves downward with the punch. But the metal 
that was bent over the die radius is straightened to form the wall of the cylinder. At the same 
time, more metal must be added to replace that which is now being used in the cylindrical 
wall. The metal in the flange portion of the blank is pulled or drawn toward the die opening 
to resupply the previously bent and straightened metal now forming the cylinder wall. During 
this stage of the process, the friction and compression play roles in the flange of the blank. 
Initially static friction is involved until the metal starts to move and then, sliding friction 
governs the process. Magnitude of the holding force applied by the blank holder as well as 
the friction conditions at the two interfaces are determining factors in the drawing operation. 
Lubricants are generally used to reduce friction forces. In addition to friction, compressive 
forces also occur on the outer edge of the blank. As the metal in this portion of the blank 
is drawn toward the center, the outer perimeter becomes smaller. As the volume of metal 
remains constant, the metal is squeezed and becomes thicker at the flange edge. This often 
results in wrinkling of the remaining flange of the blank, especially when thin sheet metal is 
drawn or when the blank holder force is too low. It is a condition that cannot be corrected 
once it has occurred. The friction and compression effects are illustrated in Figure 1.2(4). 

The holding force applied by the blank holder also plays an important role in deep drawing. 
If it is too large, it prevents the metal from flowing properly toward the die cavity, resulting 
in stretching and possible tearing of the sheet metal. Determining the proper holding force 
involves a delicate balance between these opposing factors. Progressive downward motion of 
the punch results in a continuation of metal flow caused by drawdng of cylinder wall, as shown 
in the Figure 1.2(5). 

1.2.1 Redrawing 

Redrawing facilitates the production of deeper and narrower cups and/or stepped cups. The 
first drawing operation cannot produce a cup because of limiting drawing ratio thus redrawing 
has to be employed. Utilizing redrawing, the compressive stresses are reduced due to the fact 
that the radial stress, which generates them are small. Hence, the load that the wall has 
to transmit is been lowered. Stepped or complex draws are obtained in a fashion similar to 
flanged cups in cupping. A redrawing operation is illustrated in Figure 1.3. 

Conditions exists during redrawing are: 

• As the metal flows it must be compressed, but only between the old punch radius and 
the new die radius. This is where wrinkling may occur, so a tubular blank holder is 
used between the punch and inner diameter of drawn cup. 

• The cylindrical wall and the top edge of the drawn cup simply slip downward on the 
blank holder. No work-hardening occurs at this time. 



Figure 1.3: Redrawing of a cup: (1) start of redraw and (2) end of stroke. ( v = velocity of 
punch, F = punch force, Fh = blank-holding force) 

• The most outstanding change is that the cylindrical wall must be bent over the blank 
holder radius and then straightened. This is in addition to the later bending to the die 
radius and straightening. 

The percentage of reduction in diameters for all redraw operations are considerably less 
than that of the first draw due to the following reasons: 

• The new cup side wall area taking the tensile loading is much smaller and will tear at 
lower punch loads. This new load-bearing metal was formed from the soft metal bottom 
of the drawn cup and has no strength advantage from previous work hardening. 

• The metal in the drawn-cup cylindrical wall is already work hardened and has lower 
ductility for the redraw. Annealing before redraw will restore full ductility at added 
cost. 

1.3 Drawability 

Drawability of any material is expressed in terms of a Limiting Drawing Ratio (LDR) or 
Percentage Reduction. LDR is defined as the ratio of diameter of the largest blank that can 
be successfully drawn without fracture D 0 to the diameter of the punch D p . Therefore, 

LDR -w t 

and the Percentage Reduction is given by 

% Reduction = — : - x 100 
D o 





In an idealized forming operation deformation occurs in the flange and over the die lip. 
No deformation takes place over the nose of punch. The drawability of metal depends on two 
factors: 

1. The ability of the material in the flange region to flow easily in the plane of the sheet 
under shear. 

2. The ability of the side wall material to resist deformation in the thickness direction. 

1.4 Knowledge Acquisition from Experts 

The power of a ’knowledge-based’ system as the name implies, often lies in the strength of 
its knowledge. The acquisition of knowledge and the representation of knowledge are two 
of the most important tasks in the construction of expert systems. Knowledge acquisition 
is essentially collecting knowledge, experience, rules-of-thumb or empirical rules, and other 
important relevant information from experts or other reliable sources. In the present work, 
information found in the open literature was reviewed and the available knowledge is used to 
form the knowledge base. 

1.5 Process Planning 

1.5.1 Definition 

Process planning is the function within the manufacturing facility that establishes which man- 
ufacturing processes and parameters are to be used (including machines which are capable of 
performing these processes) to convert a piece of part from its initial form to its final form. 
This is usually predetermined by the design engineer and indicated on engineering drawings. 
Process planning links design with manufacturing of a product and the process plan contains 
factors like functional requirements of the product, the output volume, the operations, tools 
and equipment necessary, and the estimated manufacturing cost for producing the product. 
In spite of the importance of process planning in manufacturing cycle it is still predomi- 
nantly a manual activity, leaning heavily on experience, skill and intuition. Dependence on 
practical experience often precludes a thorough analysis and optimization of the process plan 
and nearly always results in higher-than-necessarv production costs, delays, errors and non- 
standardization of processes. The desire to increase quality and reduce lead time and cost, or 
to improve productivity has lead to Computer-Aided Process Planning (CAPP). 

1.5.2 Process Planning Approaches 

The approaches used for computer aided process planning (CAPP) can be classified as: the 
variant approach , and the generative approach. However, with the rapid development of new 


techniques, many CAPP systems do not easily fit this classification since they combine both 
approaches. 

Variant Approach 

In the variant approach, a process plan for a new component is created by retrieving a 
standard plan that has been stored in the database, using group technology concepts like 
classification and coding with some modification. In some variant systems, parts are grouped 
in a number of part families, characterized by similarities in manufacturing methods, thus 
related to group technology. For each part family a standard process plan, which includes all 
possible operations for the family is stored in the system. The standard plan is retrieved and 
edited for the new part. 

Generative Approach 

Generative process planning can be concisely defined as a system that synthesizes process 
information in order to create a process plan for a new component automatically. In this 
system, process plans are created from information available in a manufacturing database 
without human intervention. On receiving the design model the system can generate the 
required operations and their sequence for the component. Ideally, a generative process- 
planning system is a turnkey system with all the decision logic coded in the software. The 
biggest advantage of this approach is that it is fully automatic and does not rely on specific 
expertise of the process planner. 

1.6 Literature Survey 

Deep drawing, with press working, stamping and die forming being commonly used synonyms, 
is an experienced-based technology. A natural procession of investigation starts with an 
experimental study from which analytical models can be developed. ’Know-how’ has been 
accumulated largely by trial and error, since the process was introduced in 18th century, 
though a massive thrust to understand the process started only in 1920’s. 

Chung and Swift [1951] measured changes in the thickness undergone by a uniformly thin 
blank when drawn into a cup and tried to predict the drawing force. They carried out a com- 
prehensive experimental and analytical investigation at the University of Sheffield in 1950. 
They drew r 4 inch diameter cups of varying blank sizes, thickness, wall recess radii, materials 
and operating conditions with each undergoing a total of 500 to 900 measurements. The ana- 
lytical treatment utilized some of Hill’s [1950] predictions as applied to the strains developing 
in radial drawing. They also developed a model for bending over the die profile radius. They 
were, however unable to extend their solution to the punch nose region. Wallace [1960] car- 
ried out experiments with finished punch and knurled punch with and without lubrication in 
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order to observe the increment in limiting drawing ratio. He obtained an increase in limiting 
drawing ratio from 2.325 with a polished and lubricated punch to 2.550. These experiments 
were carried out on E.D.D. (Extra Deep Drawing) quality and D.D. (Deep Drawing) quality 
steels. 

Wright [1962] studied the effect of mechanical properties ( ultimate tensile strength, % 
elongation, strain hardening and normal anisotropy) on deep drawability and stretch forma- 
bility for various materials viz. commercial aluminum, copper, zinc and titanium and its 
alloys. He concluded that relationship between deep drawability and the four mechanical 
properties cannot be expressed in terms of a product/quotient type of empirical formula. 

Woo [1968] presented the analysis of the deep drawing of a cylindrical cup including the 
drawing and stretch-forming parts. In the analysis, he calculated the strains due to drawing 
near the die lip and used them as the boundary values for the analysis of the stretch-forming 
region. He also analyzed the effect of anisotropy using the Hill’s theory for anisotropic material 
[Hill, 1950]. 

El-Sebaie and Mellor [1972] showed the effect of anisotropy value ( R ) and strain-hardening 
exponent n - value on limiting drawing ratio. Their results indicate two instability modes, one 
in the cup wall and the other in the flange. Experiments were conducted on three materials 
viz. soft aluminum, half hard aluminum and soft 70/30 brass drawm with smooth punch 
as well as rough punch to determine the limiting drawing ratio. Figures 1.4 and 1.5 show^s 
the modes of fracture and the thickness distribution of the drawn cups respectively. The 
small arrows in the Figure 1.5 point to the junction of the punch profile and punch stem, 
and the large arrows indicate the fracture position w r hen drawing oversize blanks. They also 
developed a theoretical model based on the slab method and used the finite difference method 
to determine the stress and strain distributions in the cup. The predicted value of limiting 
drawing ratio was not close to the experimental values. 

Korhonen [1982] developed a model based on the slab method for estimating the maximum 
drawing force during deep drawing of cylindrical cups with fiat-nosed punch. He used the 
load maximum principle for localization of plastic flow T to estimate the drawing force for two 
cases, one for plane stress state when thickness/punch profile radius was small, and the other 
for tri-axial stress using the free body diagram (slab method). He obtained the value for press 
load (drawing force, Pd) as, 

P =P DR -} . 

d C LDR - 1 

where DR is drawing ratio and P c is the critical drawing load at LDR. 

Several attempts [Yu and Johnson, 1982 and Meier and Reissner, 1983] have been made 
to solve the buckling problem of annular ring. Yu and Johnson [1982], proposed the crit- 
ical conditions for elastic and plastic buckling of flange having circular shape, based on a 
two-dimensional buckling model. Meier and Reissner [1983] investigated the effect of stress 
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distribution, thickness distribution and normal anisotropy on the stability behavior of circular 
flange. They used Rayliegh quotient (ratio of bending energy to membrane energy) for deter- 
mining the formation of folds. If the ratio is greater than one, the flange remains flat whereas 
for values less than one, folding of flange takes place. Oskada et al. [1995] proposed a model 
based on the finite element method for determining the optimal history of the blank holding 
force which will not cause wrinkling and localized thinning for each deformation step. They 
determined the blank holding force in deep drawing of an aluminum sheet. The minimum 
holding force required to prevent the occurrence of wrinkles was investigated by Kikuchi(1949], 
taking the anisotropic effect into consideration. Miyagawa[1957] reported a series of articles 
on the mechanism of wrinkling in deep drawing using energy method, and Kawai[1961] dis- 
cussed the critical condition of wrinkling by use of the moment equilibrium for the cases 
with and without a blank holding plate] Source: Fukui and Kobayashi [1966] ]. Ahmetoglu 
et al. [1995] determined the wrinkling and fracture limits. They performed experiments to 
show the effect of blank-holding force on the fracture and wrinkling of rectangular pans. The 
rectangular pans were formed from aluminum alloy 2008-T4. Siegert et al. [1995] developed 
a closed loop control system to control flow of material between the lower and upper binder 
plate of the single action press in such a manner that prevents the occurrence of both tears 
and wrinkles in drawn part. Sensors were mounted to measure the blank holder force and 
the flow-in of material in the die to maintain the blank holder force in the working region. 
Much of the emphasis was paid on the correlation of LDR of a sheet metal with its material 
properties especially with the normal anisotropy value, which indicates better drawability 
when its value is large. Many investigations have been carried out to evaluate the limiting 
drawing ratio, mainly for the first stage. Wilson et al. [1966] investigated the effect of size of 
blank on the load required to fracture the base of cup. The experiments were conducted on 
low carbon steel, a-titanium, zinc, and 3/4 hard aluminum to predict the anisotropy value 
from LDR values. Atkinson [1967] applied the technique of curve fitting to get the empirical 
relation from the experimental data for limiting drawing ratios of various materials ranging 
from mild steel to titanium. The general relationship between LDR and R was given by 

8Log& = LogR + 3 
' a 

Emani [1984] reported that the plastic flow of anisotropic sheet during deep drawing may be 
regarded a two-stage deformation process, both stages occurring simultaneously. First stage 
deformation, taking place in the cup wall, being controlled by normal anisotropy. While the 
second stage deformation or asymmetric flow due to planar anisotropy, being responsible for 
the change in shape of rim of the flange of a partially drawn cup from circular to hypotrochoid. 

Reissner and Ehrismann [1987] used the simulation technique based on the finite differ- 
ence method to show extreme dependence of LDR on coefficient of friction(/i). Material 
was assumed to be rigid plastic with normal anisotropy and work hardening characteristics. 
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Leu [1997] developed an expression, based on Hill’s theory of anisotropic plasticity. He showed 
the effects of normal anisotropy (. R ) and strain hardening exponent (n) on limiting drawing 
ratio and estimated the maximum drawing load at a certain drawing ratio, limiting drawing 
ratio (LDR) was obtained as 


LDR = 



where / is the factor of drawing efficiency varying with sheet thickness, tooling, lubrication, 
etc. Equation used for evaluating the drawing load was 

P d _ ln(DR 2 + 1) - 0.7 
P c ” ln(LDR? + 1) - 0.7 

Leu [1999] continued his work and developed an expression for determining LDR. It normally 
estimates the critical blank size for a given cup radius. He has given an expression, which is a 
function of process parameters like normal anisotropy, strain hardening exponent, coefficient 
of friction, yield strength of material, etc. He showed the effect of these parameters on LDR 
and compared his results with the experiments for the first stage only. 

Literature review for the first draw reveals that many of the researchers primarily con- 
centrated to show the effects of material characteristics, such as the normal anisotropy value 
R, strain-hardening exponent n, the friction coefficient]//] on the LDR. Recently, Sonis [2001] 
presented a process analysis model to determine the LDR for the first draw as well as for 
redraws. 

Fogg [1968] studied bending and straightening of the unconstrained region in redrawing 
through a conical die by applying linearization of von-Mises yield criteria for plane stress. He 
showed through his experiments, bending and unbending stresses account for 23% and 47% 
of the total stress for redrawing ratios of 1.14 and 1.6, respectively. 

Parsa et al. [1994] used a rigid-plastic finite element simulation based on the theory of 
plasticity for slightly compressible materials to compare the limiting drawing ratio achiev- 
able by forward and reverse redrawing processes. In their analysis they used four layers of 
isoparimetric rectangular elements and concluded that direct redrawing allows for higher total 
drawing ratios than reverse redrawing. Furthermore, they showed that the limiting drawing 
ratio for the second stage decreases and the total achievable drawing ratio increases with 
increasing first stage drawing ratio. 

Min et al. [1995] analyzed axisymmetric multi-stage deep drawing operation using rigid- 
plastic finite element method and bilinear quadrilateral elements. They obtained loads on 
punches/dies and predicted variations in thickness strains at each stage. 

Sonis [2001] presented a process analysis model to determine the LDR for the first draw r as 
well as for redraws considering the effects of normal anisotropy, co-efficient of friction, strain 
hardening, die arc radius, thickness of sheet and substantiated with available experimental 
results in literature. 
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For designing automated process sequence, many researchers [Eshel et al., 1986; Sitaram 
et al., 1991 ; Doege and Schulte, 1992 ; Tisza, 1995 and Esche et al., 1996] have developed the 
Computer-Aided Engineering (CAE) systems using the Knowledge-based rules and known 
formulations for the calculations of drawing load. 

Eshel et al. [1986] developed rule based modeling for axisymmetrical deep drawing. They 
used the contemporary knowledge for single stage as well as for redrawing in rule form that 
can be directly utilized in an automated process-planning procedure. It incorporates empirical 
formulations, press working practice and plasticity knowledge. 

Sitaram et al. [1991] developed a hybrid Computer- Aided Engineering system. The input 
to the system is the final sheet metal object geometry that needs to be manufactured and 
output from the system is the process sequence with intermediate object geometries. However, 
the database constructed to check the maximum diameter reduction of the sheet blank was 
based on the hypothesis that materials whether they are high ductile, medium ductile or low 
ductile exhibit almost similar forming-limit characteristics. 

Tisza [1995] developed a Knowledge Based Expert System for metal forming to generate 
process plans. Esche et al. [1996] developed an analytical module based on the Finite Ele- 
ment Method (FEM) called SECTIONFORM to predict potential problems by simulating 
the forming processes. Esche et al. [2000] extended their work to handle forward and reverse 
drawing operations. They compared their punch travel and true strains results with the 
three-dimensional sheet forming analysis program PAM-STAMP for aluminum cups. 

Toh et al. [1995] developed a PC-based flat patterning system that runs on AutoCAD to 
determine the blank shapes and sizes 

Rao [1998] developed a parameter optimization module for CAPP of deep drawing using 
a combination of variant generative approaches. The objective function was to minimize the 
overall power in multi-stage drawing. The diametrical reduction was decided by the critical 
punch load. His results indicate that the overall power does not vary significantly with number 
of stages. 

1.7 Scope and Objective of the Present Work 

Critical review of the published literature revels that there have been few attempts to develop 
an aid to the process planner to decide about the process sequence. However, attempts 
made by Sitaraman et al. [1991] and Tisza [1995] are mainly based on expert system related 
to the limiting drawing ratio, sequencing etc. besides complicated way of object modeling. 
Development of an expert system regarding the formability limits of commonly deep drawn 
materials, for the range of process parameters used in the deep drawing process is very difficult. 
Formability limits of deep drawn materials requires the complete knowledge of the influence 
of the variables such as material property variations, friction conditions, punch/die and work- 
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piece geometry on the process mechanics. Literature survey also reveals that attempts have 
been made to establish the relationship between normal anisotropy, strain hardening exponent, 
die arc radius and deep drawability for the first stage. Recently, Sonis [2001] presented 
a process analysis model to determine the LDR for the first draw as well as for redraws 
considering the effects of normal anisotropy, co-efficient of friction, strain hardening, die arc 
radius and thickness of the sheet. Therefore, the objective of the present work is to develop 
a knowledge based process planning system which uses the geometric primitives to model the 
object in conjunction with an analytical model to estimate limiting drawing ratio for first as 
well as subsequent draws to produce the required geometry. The other objectives are 

• Parametric modeling of the input geometry. 

• Development of databases for material properties, friction coefficient, press data etc. 

• Generation of all feasible process sequence considering formability limits and rules in 
the database. 

1.8 Organization of the Thesis 

Brief discussion on the deep drawing process has been presented in chapter 1. Scope and 
objective of the present work is presented in this chapter. The organization of the thesis 
report is as follows: 

Chapter 2 presents the different aspects of the knowledge based system and analytical 
model developed by Sonis[2001]. 

Chapter 3 deals with the implementation of the knowledge based system. 

Chapter 4 compares the predictions of the model developed by Sonis [2001] with the 
available experimental results for first draw as well as for redraws. Also, presents the case 
studies to demonstrate the capabilities of the presented system. 

Chapter 5 concludes the present work with scope for the future. 
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Figure 1.5: Thickness profiles of drawn cups [El-Sebaie and Mellor, 1972] 
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Chapter 2 

Knowledge-Based System 


2.1 Introduction 

With the widely accepted use of computer-aided design/manufacturing (CAD/CAM) die 
manufacturing has been extensively computerized. The present trends now are to improve die 
and process design methods by modeling and optimizing various deformation processes. Also 
to establish an integrated design and manufacturing activity that utilizes not only modeling 
techniques but also knowledge based systems for preliminary die design and selection of initial 
process conditions. Knowledge based systems may be defined as a computer based system that 
uses an explicit representation of knowledge, facts and reasoning techniques to solve problems 
that normally require the abilities and skill of human expertise. A typical knowledge based 
system consist of 

• A knowledge acquisition facility that receives and collects rules and facts from human 
experts in a specific area of expertise. Such facility may also include a ’’rule editor”, 
allowing the improvement of existing and addition of new' rules by the user. 

• Data bases to store facts and rules usually with interfaces to other data base systems. 

• An inference engine that determines how to apply the knowledge rules to solve a prob- 
lem. 

• A user interface that allows the user to utilize the knowledge based system for solving 
specific problems. 

The general architecture of a knowledge-based process planning system for axi-symmetric 
deep-drawm components has been developed, as showm in the Figure 2.1. The main parts of 
this system are as follows: 


• Object modeling and interfacing: For the parametric modeling of the input geometry. 
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Primitive-based input : In this technique complicated cross-sections can be decomposed 
mto simpler surface or volume elements known as primitives. The user can choose items 
from a menu containing such primitives, define the attributes for the primitives, enlarge, 
rotate, and/or translate to produce the desired final object geometry. 


• Initial graphics specification (IGES)-based input : The object geometry can be generated 
on any commercially available CAD system that can translate the object geometry 
data into an IGES format which can be read in by the input module of the system. 
The intermediate object geometries out-putted by the expert system will be in IGES 
format, which can be ’retranslated’ to display on the CAD system. Nearly all commer- 
cially available CAD systems provide facilities for transcribing to and from IGES data 






files. This procedure is useful particularly for complex geometries where other simpler 
techniques cannot be employed. 

Two-dimensional graphic primitives-based input : Two-dimensional elements such as lines, 
arcs, etc. can also be used to define the input object geometry used by Tisza [1995]. This 
method is particularly useful in representing thin axi-symmetric sheet metal geometries 
where meridian section profiles are sufficient to define the geometry. 

Alphanumeric input: This method involves the description of the geometry in alphanu- 
meric terms. Scheme provides much more a priori information to the knowledge-based 
system than any other input scheme. It identifies the orientation of line segments ( 
horizontal, vertical, tapered, tapered-reduced), the nature of arc elements ( convex, 
concave, convex-reduced, or concave-reduced), and the features they represent ( flange, 
wall etc.). Such detailed information results in quantifiable savings in computational 
time. Since the knowledge -based system does not have to do the task of identifying the 
geometric primitives and recognizing the features. This scheme has been successfully 
used by Sitaraman et al. [1991]. 
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Figure 2.2: Element library 
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(a) Cup Dimensions (b) Distance to Element; 


Figure 2.3: Cross section of an axisymmetric cup 

For element 2: 

P 2 = 2KD 2 = 2n(r cl -r il + ^), L 2 = 

7T L 

For element 3: 

P 3 = 27 rD 3 = 27rr c/ , L 3 = H - r df - r bf 

For element 4: 

P 4 = 27r D a = 27 r(r c + r d - L A = 

7T 2 

For element 5: 

P 5 = 27tA> — 27r (r C/ + H — — -), L$ — F w — r df 

Sum the product of paths of the center of gravity and element lengths results in the 
surface area (SA) of the cup under consideration which is given by 


SA = P\L\ + P 2 L 2 + P 3 L 3 4- P a L a + P 5 L 5 

/ 

To account for any possible directionality in the material properties, surface area calcu- 
lated above is multiplied by 1.15 in order to obtain the required blank area with proper 
clearance for trimming. Thus the initial blank diameter is given by 

<“> 

Blank size calculated R 0 using Pappus’s second theorem is input to the system. 
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Figure 2.4: Table of possible elements 

2.3 Elementary Design Rules 

In designing a die to work satisfactorily, one has to consider a number of variables 
which readily control the performance of the die. While designing the die and punc , 
the variables that affect the success and failure of a deep drawing operation are pu 
corner radius, die radius and punch-to-die clearance. In the present work, following 
rules are used to select the punch corner radius, die radius and die clearance. 

Punch Corner Radius 

There is no set rule for the provision of corner radius on the punch but it is cUS ^ 

to provide a radius of 4 to 10 times the blank thickness [ASM Handbook, 1^9 ^ ^ 

small a corner radius results in the excessive thinning and tearing of the botto ^ 

Ideally, the punch radius should be the same as the corner radius of the req 

. . ihp final cup 

because it takes its form. It is not possible in deep drawing to o am ^ 
size in a single drawing operation. Depending on the geometry of the cup, ^ p Unc j 1 
necessary to for more number of drawing operations. For the initial draws, 1 § p resent 
radii are used and for the final draw the requisite radius on the punch is use^ ^ ^ 
system takes punch corner radius 3 mm larger than the final punch corner 




draws. In the final draw, we get the desired punch radius. 

Die Radius [Lange, 1985] 

The die radius on the die does not contribute to the shape of cup during deep drawing, 
hence it can be made as large as possible. Higher the radius, greater the freedom for 
the metal to flow. Higher die radius causes the metal to be released early by the blank 
holder and thus lead to edge wrinkling. Too small a radius causes the thinning and 
tearing of the side walls of the cups. The die radius should be related to the sheet 
thickness by the following expression for the first draw: 

Td. = (5 - 10) x t 0 

The die radius should be reduced for each subsequent redraw. It has been found to be 
in good practice to reduce the die radius by a factor of 0.6 to 0.8 from previous draw. 
Present system uses a reduction factor of 0.8 for each passes. 

Die Clearance 

The selection of punch-to-die clearance depends on the requirements of the drawn part 
and on the work metal. Ideally, the clearance between punch and die should be same 
as the blank thickness. Because there is decrease and then a gradual increase in the 
thickness of the metal as it is drawn over the die radius, clearance of about 7 to 15% 
greater than blank thickness (1.07 to 1.15 1 0 ) helps in preventing burnishing of the side 
wall and punching out of the cup bottom. 

The drawing force is minimal when the clearance per side is 15 to 20% greater than 
the stock thickness (1.15 to to 1.20 to) and the cupped portions of the part are not in 
contact with the walls of the punch and die. 

Redrawing operation require greater clearance than the first draw in order to compensate 
for the increase in metal thickness during cupping. Table 2.1 lists clearances for cupping, 
redrawing, and sizing draws of cylindrical parts from metal of various thicknesses. 

2.4 Databases 

Database technology is important for the electronically integrating the various manufacturing 
functions of design and production. According to Martin(1975), A database may be defined 
as a collection of interrelated data stored together without harmful or unnecessary redundancy 
to serve one or more applications in an optimal fashion; the data are stored so that they are 
independent of programs which use the data; a common and controlled approach is used in 
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Blank thickness(mm) 

First Draws 

Redraws 

Sizing draw 

Up to 0.38 

1.07-1.09io 

1.08-1.10*o 

1.04-1.05io 

0.41-1.27 

1.08-1.10*o 

1.09-1.12*o 

1.05-1.06*o 

1.29-3.18 

1.10-1.12*0 

1.12-1.14*0 

1.07-1.09*o 

3.2 and up 

1.12-1.14*0 

1.15-1.20*o 

1.08-1.10*o 


Table 2.1: Punch to die clearance for drawing operations, ASM Handbook [1992] 

adding new data and in modifying and retrieving existing data within the database.” The 
database of present knowledge based system basically contains the material properties, friction 
coefficient, press data, as well as design rules at each stages. 

2.4.1 Material Properties 

The material database module contains material property information in a relational form. 
The stress-strain relation of sheet metal is assumed to follow the form a e = K{t) n . It consists 
of commonly deep drawing materials. However, the material database can be expanded to 
include new materials without any modifications to any other module. 


Alloy 

Yield Strength 
(MPa) 

Ultimate Strength 
(MPa) 

Constant I< 
(MPa) 

Normal Anisotropy 

(ft) 

Strain Hardening 
Exponent (n) 

AA 3003 

41 

110.3 

157.1 

0.8 

0.235 

SAE 1006 

200 

310 

617 

1.4 

0.310 

CA-DDQ 

155 

330 

610 

2.1 

0.263 

BA-DDQ 

157 

338 

612 

1.76 

0.248 

DQ killed 

172 

300 

610 

1.6 

0.220 


Table 2.2: Alloy types: AA 3003 aluminum alloy, others are steel alloys, DDQ-deep drawing 
quality; CA-continuous annealing; BA-batch annealing 


2.4.2 Tribological Data 

Lubricants are essential for the success of a drawing operation as it reduces friction in the 
blank-holder region. If the friction forces in the blank holder region are not controlled through 
proper application of lubricant, the radial forces will be increased and lead to the fracture in 
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cup. In general lubricants used in the deep drawing operation are of two types namely oil 
based and water based. The final selection of lubrication largely depends upon the severity of 
the forming operation. Table 2.3 suggests the lubricants commonly used for a given material. 


Alloy 

A 

Suggested lubricant 

Stainless Steel 

A1 Alloys 

0.05 - 0.1 

0.05 - 0.1 

EP- MO; EP-MO-EM; PC 

FA-M; FO 


Table 2.3: Hyphenation indicates that several components are used in the lubricant. EM - 
emulsion ( the listed lubricants are emulsified and 1-20% dispersed in water); EP - extreme 
pressure compounds (containing S,C1 and / or P); FA - fatty acids, alcohols amines and esters; 
MO - mineral oil; PC - polymer coating 


In the deep drawing there is a sliding contact between the die surface and the work metal. 
The value of coefficient of friction (/r) lies between 0.05 to 0.10 [Schuler, 1998]. In the present 
analysis, to be on the conservative side, the value of coefficient of friction is taken as ji = 0.10. 

2.4.3 Presses 

The classification of presses for all purposes is rather difficult because of the availability of 
different sizes and types. However, a type and size of press for a particular job can be readily 
found, while selecting the type of press to use for a given job, a number of factors must 
be considered, namely the type of operation to be performed, part size, forced required and 
cycle time. Generally presses can be classified by one or more combination of the following 
characteristics: frame type, method of actuation of slides, number of slides and bed type. 


Presses 

Tonnage 


(Tons) 

Gap frame presses 

22 - 400 

Single action hydraulic presses 

15 - 150 

Double action hydraulic presses 

100 - 1000 

Straight sided single action presses 

200 - 1000 


Table 2.4: Alloy types: AA 3003 aluminum alloy, others are steel alloys, DDQ-deep drawing 
quality; CA-continuous annealing; BA-batch annealing 


The frame is the supporting member of the press. Power press frames can be broadly 
classified into two general types as gap frame and straight sided. The gap frame is the most 
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economical for low tonnage ( 1 to 250 tons) but it is not the most rigid construction. The 
gap frame is generally used for shallow drawing of small parts or for secondary operations. 
Straight sided frames are characterized by their high tonnage ( up to 4000 tons in capacity 
) large bed size and high rigidity. In the all power presses the work is performed by the 
slide or ram, by means of reciprocating motion to and from the press bed. The drive is the 
type of mechanism used to obtain ram movement. The two general categories of drives are 
mechanical and hydraulic. Some of the mechanical drives include crankshaft, eccentric and 
cam. Hydraulic drives obtain ram movement by pumping incompressible fluid into a cylinder 
with a closed end reacting against a piston to move the slide. Hydraulic presses have the 
advantage of being able to exert their full tonnage at any point in the stroke and can have 
any shut height within the maximum piston stroke. On the other hand, mechanical presses 
can only exert its maximum tonnage at the end of the stroke. Mechanical presses have a faster 
cycle time and more positive displacement control and are better suited for mass production 
of simple shapes. 

The action or number of slides or rams on a press can either be single, double or triple. A 
single action press consists of a single ram, which holds the punch steel or upper part of a die 
set. A double action press consists of two rams or slides, one outer and another inner. The 
outer slide acts as the blank holder and the inner slide continues to descend. Double action 
presses generally have a maximum inner ram capacity of 2000 tons and usually have longer 
strokes which contributes to added expense. 

Table 2.4 suggests the presses commonly used for a given tonnage. 

2.5 Process Analysis 

The draw- ability of the sheet metal is defined by the limiting drawing ratio (LDR), which is 
the ratio of the maximum diameter of blank that can be drawn successfully without tearing of 
cup, to the punch diameter. From the critical literature review (refer Chapter 1), it is evident 
that the LDR depends strongly on the normal anisotropy value R, strain hardening exponent 
n and die geometry. A high normal anisotropy (R) indicates a better draw-ability (higher 
limiting drawing ratio), and induces a high resistance of a sheet to thinning. Thus, in order 
to estimate the limiting drawing ratio (LDR) for each pass, an analytical model has been 
developed. In the present work, limiting drawing ratio is estimated for the cylindrical cup 
with a flat-nosed punch using an integral technique based on the load maximum principle for 
localization of plastic flow. Leu[1999] also proposed the analytical model based on the same 
principle for first draw only. In his model, limiting drawing ratio was estimated for a given 
cup radius. Also, the effect of thickness on the limiting drawing ratio was not considered in 
his work. In the present work, thickness of the sheet is taken into account as it is one of the 
important process variable. The model developed in the work is used in the process sequence 
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design module to calculate the number of passes required to achieve the final cup diameter. 

Assumptions 

• The material properties are assumed to be rotationally symmetric, so that there is a 
planar anisotropy and normal anisotropy. Planar anisotropy is defined as the ratio of 
width to thickness strain. Average value of normal anisotropy is given by 

_ Rq + 2P450 + Rgpo (2.2) 

~ 4 

where i?o, R 450 and i? 90 ° are the values of planar anisotropy at 0°, 45°, 90° to the rolling 
direction. 

• Material is assumed to be rigid-plastic. 

• The bending effects around the die arc, (r d ) and punch nose radius, ( r p ) is neglected. 

• Deformation in the flange region is assumed to be plain strain i.e., the thickness remains 
constant as that of initial blank. Although thinning occurs near the base and thickening 
occurs near the top but these changes are not considered in the present work as they 
are not very significant [Hosford, 1983]. 

• Material is assumed to be yielding according to Hill’s anisotropic plasticity theory. 

• The strain hardening characteristics of sheet metal is assumed to follow the form 

d e = K(e) n ( 2 - 3 ) 

where d e is the generalized stress, e is the generalized strain, n is the strain hardening 
exponent and K is the material constant. 


Hill’s Anisotropic Yield Criterion 

Using the Hill’s anisotropic yield criterion, relationships of stresses and incremental strains 
are given by [Leu, 1999]: 
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2.5.1 Draw Analysis 

Figure 2.5 shows the schematic diagram for a cup-drawing operation in which a circular blank 
of original radius Rq and thickness to is deep drawn by the fiat-bottomed punch through a 
die opening of radius r Cd . 



Figure 2.5: Schematic representation of cup drawing, showing the co-ordinate system and 
dimensional notations. 

In the cup wall section, the maximum diametric reduction is usually limited by the max- 
imum allowable drawing force at the punch nose radius (r p ). The critical drawing load P c is 
obtained using a criterion based on the tensile instability in the cup wall. The critical drawing 
force (P c ) at a certain stage of the punch stroke is given by 

P c = 2itr Co ta r (2.7) 

where t is the instantaneous thickness of the cup wall and is given by 

t = toe £l (2.8) 

and based on the plane-strain conditions, given by deg — 0 and o. — 0, and the volume 
constancy of plastic deformation, the drawing stress a r can be written as: 

gfl + R) 
ar V1T2R 

Q£ 


(2.9) 



Critical drawing load (P c ) at the LDR can be obtained by maximizing the drawing force 
at the beginning of the punch nose radius in the cup wall with respect to the effective strain, 
i.e. ^ = 0. From the obtained critical effective strain, the critical drawing force is obtained 
as: 


P c = 2ttt C o £ 0 (- 


1 + R 


) l+n (n n e~ n K) 


( 2 . 10 ) 


Vl + 2R 

In the die arc region, as the sheet metal slides along the die corner during drawing, using 
the force equilibrium and the increase in rope tension around a capstan and with friction 
between radii r Co and r cd as shown in the Figure 2.6 [Ghosh and Mallik, 1994], the drawing 
force per unit circumferential length at r cd is given by 



Figure 2.6: Force acting on the Die Arc Region 


fie, _ fi r _ c 0- e -f^ (2.11) 

2irr cd 27T r Co r cd 

Substituting Eq. 2.10 in the above equation, the drawing stress a r at r cd , correlating with the 
condition of the critical drawing force can be obtained as 

a - f-i±£ = ) 1+n (n n e- n K)(^)e-t^o (2-12) 
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where cr Tcd is the radial drawing stress at r cd in the pure radial drawing of the flange region. 

The stresses acting on an element in the flange region at the current radius r are shown 
in figure 2.7 and the equation of radial equilibrium can be written as 


c e 



z 


Figure 2.7: Radial stresses in the flange element 


d(Jr (oy <7g) ^ 13) 

dr r 

Under the plain strain deformation condition of the flange, i.e. de z — 0, the relationship of 
stresses o> and erg can be obtained as 


(cr r - ffg) = Oe 


2(1 + R)' 
2 R + 1 


1/2 


(2.14) 


Substituting above equation in Eq. 2.13, and integrating the equation from r cd to r 0 for 
the maximum radius of R 0 , the radial drawing stress at the position r cd in the flange can be 

obtained as 




C Tci ,R.„dr 


(2.15) 


In Eq. 2.15 a ro denotes the radial friction stress resulting from the blank holding stress at 

r„ and it can be taken as [Lange, 1985]. 

The limiting drawing ratio is determined from the condition that the drawing str«s ^ 
(Eq. 2.12) of the die arc region to cause plastic instability in the cup wall, is equal to the 
radial drawing stress of the flange region (Eq. 2.15), due to continuity of stress. Equatmg 
Eqs. 2.12 and 2.15 the resulting equation is obtained as 



f(LDR 0 ) = 


C i 


+ C 3 


l + ^LDi?o"^ 3 \i + i^ 


LDR n 


Ro 


' LDRl 


l + i£iISLDi 
' «0 


l ~ (^) 2 + 1 


/ 


+^2(1 + ?i) In 


\ 


i 

Ro 


A 2 + 1 

^cd 


( 


J 


- 2 nC 2 In 


LDRn 


1 + LP^J + \ 


LDR ° 1 1 + tmid. 

^ Ro 


A 2 + i 

^ cd 


J 


— 2nCo 


1 -A LDRq r d 
X ^ #0 




LDRo 


LDR °\ m^zrl ~ ( % )2+1 


~h2nC f 2 


ln(— + 1 ) + ^ — 

r cd Zl + i 


T cd 


0 


(2.16) 


where the ^ can be evaluated by the volume constancy of plastic deformation in the die 
arc region. Equating the volume of metal before and during radial drawing (Figure 2.8), one 
can get 
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and it can be written as 
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can be determined from the condition that the effective strain in the flange never exceeds 

r c 0 

the critical strain in the cup wall. 

Thus Eq. 2.16 derived above is a function of the LDR in terms of initial blank thickness 
to, normal anisotropy R, strain hardening exponent n, coefficient of friction \i. die arc radius 
r d , initial blank radius R 0 and yield strength a y . This non-linear equation in terms of LDR 
can be solved by using Newton-Raphson Method. 

Often it is not possible to obtain the desired reduction in the first draw. Redrawing once 
or several times may be necessary. The characteristics of redrawing can be described using 
the same variables as found in the first draw operation. A cup just prior to the start of metal 




Figure 2.8: Section of a partial drawn cup 




(a) First Draw Cup 


(b) Partially Redrawn Cup 


Figure 2.9: Redrawing of Cups 

flow in the redraw die is illustrated in Figure 2.9 a. Redrawing, like^cupping (first draw) is 
also characterized by the limiting reduction. During the first draw, strain hardening at the 
top of the cup wall is maximum and it goes on decreasing as we move towards the bottom 
of cup. The extent of strain hardening is determined by the amount of reduction achieved. 
The strain hardening in the cup is given by the condition that c is never more than about 3% 

Q A 


greater than the numerical value of hoop strain induced during pure radial drawing [Johnson 
and Mellor, 1972], So the strain induced in the different passes is given by 


£ " _1 = h (^~) = ln (2.18) 

Where i denotes the number of draws and is given by i = 1, 2, 3 N. 

During a redraw operation, the punch which is smaller in diameter than the previous draw 
punch, contacts the bottom of the which was produced in the previous drawing operation. 
Unlike the cup wall and flange, the cup bottom has not seen any deformation in the prior 
draws, hence the yield strength can be presumed to be the same as that of initial material. 
Therefore, criterion for the plastic instability in the cup wall used in the first draw can be 
applied here. Maximizing the drawing force P with respect to the effective strain e. Critical 
drawing load P C2 at the onset of necking can be obtained. Material flows along the die arc 
region in the similar way as happened in the first draw. 

The annular portion of the sheet metal workpiece (see fig 2.7) between the blank-holder 
and die is subjected to a pure radial drawing. The effective strain e in the flange region is 
obtained by adding the strain induced in the cup wall due to the previous draws. 

One can obtain the radial stress as 


da r H = -K 
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Redrawing can be considered as the steady state process as the material is drawn inward 
with the continuous supply from cup wall formed during the earlier draw [Hosford, 1983]. 
Integrating the above equation from r cd to the maximum radius r Ci _ 1 formed during earlier 
draw, 
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Expanding using Binomial theorem and neglecting higher order terms, one can get 
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The limiting drawing ratio is determined from the condition that the drawing stress in the 
cup wall is equal to the radial drawing stress of the flange region, due to continuity of stress. 
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The constants Ci and C 3 remains same as in the first draw analysis. 

H *+i can be obtained by considering the volume constancy of plastic deformation in the 

r cd 

die arc region. 

In the multiple passes, strain hardening caused during each pass should be taken into 
account for the subsequent passes. Eq.2.16 can be used to estimate the limiting drawing 
ratio after the cup has been annealed since the stain induced in the cup would be aero and 
the bottom of the cup can be considered as the initial blank. 



Chapter 3 

System Implementation 

3.1 Introduction 

A Knowledge based system is implemented for designing and process planning of axisymmetric 
deep drawn components. The system involves the following steps to achieve the final result: 

• Geometry Design: Parametric designing of the object geometry. 

• Database : Selecting the required material properties, friction coefficient etc. from the 
database. 

• Process sequencing: Generating the feasible process plans considering the analytical 
model and design rules. 

This system is implemented using VC++ 6.0, Windows 98. 

The main window is a simple menu-based front-end to the various modules, as shown 
in Figure 3.1. The main window starts with the execution of the system. It consists of the 
installed module blocks in the menu bar. By selecting the menu items individual modules 
can be activated. 

3.2 Object Modeling 

The input to system is the final object. Generally, the format of input to CAPP system can 
be either in a text or graphic input. Text input is also referred to as interactive input, where 
a number of data are entered through the keyboard. Graphic input also referred as interface 
input, where the geometrical details of the part model are entered from a given drawing details 
using predefined geometric primitives. 

In the present system both text and graphical types of input have been adopted. Interac- 
tive input is adopted for design data entry and the drawing details of the shape are entered 
through graphical input interface using VC-f + 6.0. The implementation is carried out from 




Figure 3.1: Main window 

bottom to the top of the cup. The final part geometry, which is input to the system, is 
concatenation of the two-dimensional elements such as lines, arcs, etc. First of all, the axis of 
symmetry is defined and with respect to the axis of symmetry the final part geometry is mod- 
eled using the graphic primitives. Parametric modeling of object geometry is done, as shown 
in Figure 3.2. For concatenation, the end coordinates of each feature primitive becomes the 
start coordinate of next primitive. Pappus’s Second Theorem is used to calculate the surface 
area of the component created. Designing the arc elements related to die and punch uses 
the empirical relations presented in Section 2.2. Identification of the nature of arc elements ( 
convex, concave, convex-reduced, or concave-reduced), and the features they represent ( die 
arc and punch arc) makes the designing of die and punch easier. 

3.3 Databases 

The database of this implemented system is basically an independent part containing the 
material properties, frictional data, press data, as well as design rules. The database of the 
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Figure 3.2: Object modeling 


system designed to be flexible with an easily extendable structure. Database can be modified 
with recompiling the system for effective database management. 

3.3.1 Selection of Material 

The material database module contains material properties of commonly deep drawn ma- 
terials. However, the material database can be expanded to include new materials without 
any modifications to any other module. The material database is activated from the MATE- 
RIAL menu, as shown in Figure 3.3. The user can give new material by selecting the NEW 
MATERIAL menu from the main window. 

3.3.2 Selection of Lubricant 

Different lubricants are used for deep drawing of different materials. The present system 
provides a set of lubricants commonly used in deep drawing. In, deep drawing there is a 
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Figure 3.3: Material database 

sliding contact between the die surface and work metal. The value of coefficient of friction 
(fi) lies between 0.05 to 0.10 [Schuler, 1998]. In the present analysis, to be on conservative 
side, the value of coefficient of friction is taken as p = 0.10. 

3.3.3 Selection of Press 

The press database contains the tonnage available with a set of presses commonly used in 
deep drawing. The user can select the press considering the drawing force required. 

3.4 Process Sequence Design Module 

Present Knowledge based system is implemented to generate the process plan to achieve the 
final cup diameter. This is done using the process sequence design module. Process sequence 
design module is the backbone of the present Knowledge based system. Since the Eq. 2.20 
presented in Chapter 2 gives more general expression for LDR for the redrawing operation: 
hence it has been incorporated in the process analysis module. It estimates the limiting 





drawing ratio for the first stage as well for the subsequent passes. By calculating the limiting 
drawing ratio at each pass one can know that how many number of draws are required to 
achieve the final cup geometry. For the components having large height as compared to the 
diameter, desired cup height and diameter may not be obtainable with one redraw. Several 
redraws are carried out successively. But the progressive strain hardening of the material 
determines the need for annealing. The term ’total drawing ratio’ can be used to determine 
at which stage annealing is required. The total drawing ratio DR tota i is equal to the product 
of LDR of all draws. For a given material if this limit is reached, then the alternative plans 
are generated by performing annealing at different stages. Flow chart in Figure 3.4 shows the 
working of process sequence design module. 

In the process planning, the type of operations and possible sequence of them should 
be determined including the necessary intermediate heat treatments as well. This is very 
part of the whole design process where the human knowledge and expertise has a decisive 
role. The key issue in the process planning is the selection of appropriate operations to 
determine their optimum sequence. There is obviously more than one possible solution for 
the production of a given component. The system is capable to offer alternate solutions. 
From the various alternatives offered by system, the optimum one may be selected according 
to the optimization criteria stated by user(eg. the necessary number of drawing operation, 
necessity of intermediate heat- treatments, etc.). 

3.5 Viewing the Results 

The results of the technological process planning can be displayed by selecting the RESULT 
menu from the main window. The process plan generated is displayed on the main window. 

















Chapter 4 

Results and Discussion 


4.1 Introduction 

The analytical model developed by Sonis [2001] to predict the LDR is used in the present 
system. Its predictions are compared with the available experimental results and are presented 
in section 4.2. The results from the developed system are presented in the section 4.3. In the 
present system, the product geometry selected for the various cases are in such a way that its 
capabilities can be demonstrated. In the end, the procedural steps are shown for a case to 
obtain the output from the developed system. 

4.2 Validation 

First Draw 

Limiting drawing ratios predicted by the model presented by Sonis [2001] are compared with 
the available experimental results of Whiteley [1960] and Rogers and Anderson [1971] and are 
presented in Figures 4.1 and 4.2 respectively. 

Figure 4.1 shows the comparison between the predictions of the model presented by So- 
nis [2001] with the experimental result of Whiteley [1960] for aluminum. It can be seen from 
the fig. 4.1 that the predictions of the present model and the experimental results of White- 
ley [1960] are in good agreement. The data regarding the stress-strain relationship of the 
material, die geometry and lubricant used are not reported. Therefore limiting drawing ra- 
tio from the present model are estimated by using the guidelines for die design given in the 
handbooks [Lange, 1985 and Schuler, 1998], while the stress-strain characteristics are taken 
from El-Sebaie and Mellor [1972]. In general, die radius depends on the thickness of the sheet 
metal used and it varies from 5-10 times of sheet thickness [Lange, 1985]. Also, in the deep 
drawing the coefficient of friction usually varies from 0.05 to 0.10 [Schuler, 1998]. Final cup 
diameter and initial blank thickness is taken as 4 inch and 0.040 inch respectively [Rogers 
and Anderson, 1971]. Material properties used for aluminum are [El-Sebaie and Mellor, 1972] 
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Figure 4.1: Variation of LDR with normal anisotropic value for flat bottom cups drawn from 
soft Aluminum. (a e = 118(e e ) 0 - 227 MPa, a y = 28.8 MPa, r c/ = 50.8 mm, r d = 8.635 mm, 
t 0 = 1.016 mm) 

taken as: 

Generalized stress (a) = 118(e) 0 - 227 MPa. 

Yield Strength (a y ) = 28.8 MPa 

However, the slight discrepancy in the predictions of the present model and the experimental 
results of Whiteley [1960] can be attributed to the possible variations in the stress-strain 
relationship, different friction condition and tool geometry used in the experiment. 

Figure 4.2 shows the comparison between the predictions of the model presented by So- 
nis [2001] with the experimental result of Rogers and Anderson [1971] for AA 3003 material. 
It can be seen from the Figure 4.2 that the predictions of the present model and the ex- 
perimental results of Rogers and Anderson [1971] are in good agreement. They carried out 
experiments by drawing 4 inch diameter flat bottom cups from the blanks of various diam- 
eters of 0.040 inch thick sheets. For the above experiment [Rogers and Anderson, 1971], no 
information regarding the material properties, die geometry and lubricant used are reported, 
therefore the predictions of the present model are estimated by choosing die radius r d equal to 
8.5 times sheet metal thickness [Lange, 1985] and the coefficient of friction ranging from 0.05 
to 0.10 [Schuler, 1998]. Results are compared for both the friction conditions i.e. at /z = 0.05 
and fj, = 0.10 Material properties of AA 3003 are given as [ASM Handbook, 1992]: 

Generalized stress (a) = 157.1(e) 0 ' 235 MPa. Yield Strength (<? y ) — 41 MPa 


The discrepancy between the results of Rogers and Anderson [1971] presented in Fig- 
ured^ can be attributed to the possible variations in the stress-strain relationships, friction 
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Figure 4.2: Variation of LDR with normal anisotropic value for flat bottom cups drawn from 
AA 3003. (a e = 157.1(e e )°- 235 MPa, a y = 41 MPa, r cf = 50.8 mm, r d = 8.635 mm, t 0 = 1.016 
mm) 


Material 

type 

to 

(mm) 

K 

(MPa) 

(Ty 

(MPa) 

R 

n 

LDR 

(Present) 

LDR 

(exp.) 

ALDR 

SAE 1006 
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SAE 1006 
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617 

200 

1.5 

0.31 

2.23 

2.24 

-0.01 


Table 4.1: Comparison of experimental data and predictions of the model presented by So- 
nis [2001] for mild steel sheets. (a e = 617(e e )°' 310 MPa, a y = 200 MPa, r c/ = 50 mm, r d = 
8.5t 0 , to = 1 mm) Experiment were carried out by Whiteley [I960]. 


conditions and different die geometry used in the experiments. 

Table 4.1 shows the comparision between the predictions of the model developed by So- 
nis [2001] with the experimental results of Whiteley [1960] for mild steel. It can be seen that 
they are in good agreement. The data regarding the material properties, die geometry and lu- 
bricant used are not given by Whiteley [I960]. Therefore limiting drawing ratios are estimated 
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/able 4.2: Comparison of experimental and theoretical data of LDR for non ferrous sheets. In- 
dicant : Droyt-Sol 4M, mineral oil. /z = 0.10, r c/ = 19.6225 mm, r d = 7.450 mm. Experiment 
ras carried out by El-Sebaie and Mellor [1972], 


ising the material properties of SAE 1006. Final cup radius and initial blank thickness are 
;aken as 50mm and 1mm respectively. The discrepancy in the predictions can be attributed 
;o the possible variations in the material properties, friction conditions and die geometry used 
.n the experiments of Whiteley [I960]. 

Table 4.2 shows the comparison between the predictions of the model presented by So- 
nis [2001] with the experimental results of El-Sebaie and Mellor [1972], They carried out 
experiments by forming the cylindrical cups from the circular blanks of nominal blank thick- 
ness of 0.71 mm. Punch head used had a stem diameter of 38 mm and a profile radius of 
4 mm. The diameter of the die opening was 39.945 mm giving a radial clearance of 37% of 
nominal blank thickness. The blanks were lubricated on both sides using Droyt-Sol 4 M. A 
series of blanks were produced increasing in steps of 1 mm on the diameter. In the final stages 
of the tests to determine the limiting drawing ratio the increment of 1 mm was reduced to 
0.4 mm. The conditions used by El-Sebaie and Mellor [1972] are used to estimate the limiting 
drawing ratio from the model presented by Sonis[200l]. For the lubricant Droyt-Sol 4 M, 
coefficient of friction (/z) is taken as 0.10 as reported by Leu[1999]. It can be seen that the 
results obtained are in good agreement with the results of El-Sebaie and Mellor [1972]. The 
discrepancy can be attributed to the bending and unbending of the sheet metal undergone 
during deep drawing, which is neglected in the present work. Also, the discrepancy can be 
attributed to static friction condition i.e., coefficient of friction will remain constant during 
the process, which is assumed in the analysis model developed by Sonis[2001]. 

Redraw 

To establish the validity of the model presented by Sonis[2001], its predictions are compared 
with the suggested drawing ratios given in Handbook of Metal Forming, Lange[1985] for SAE 
1006 and are shown in Table 4.3. Lange[1985] reported drawing ratios for deep drawing of 
cylindrical components with flat bottom for the different relative sheet thickness ranges (1.5- 
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Table 4.3: Comparison of theoretical data of LDR for Redraws without intermediate an- 
nealing with Lange[1985] suggested drawing ratio. Sheet metal thickness, t 0 = 1.0 mm. 
Source:Handbook of Blanking Technology, Romanowski[1959] 
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The relative sheet thickness is given 


The relative sheet thickness is used to predict the severity of wrinkling (see Appendix B ). For 
the relative sheet thickness less than 0.50, blank holder force is required to avoid wrinkling 
[Eary and Reed, 1974]. Present analysis has been carried out by considering the blank- holding 
force during deep drawing. Therefore comparisons are made for different relative sheet thick- 
ness values less than 0.50. The value of normal anisotropy for most of the deep drawing 
quality steels vary from 1.2 to 1.6 [ASM Handbook, 1992]. Here, for estimating the limiting 
drawing ratio, the value of normal anisotropy is taken as 1.4 for SAE 1006. The material 
properties of SAE 1006 steel are [ASM Handbook, 1992] given by 
Generalized stress (a) = 617(e) 0 ' 310 MPa 

Yield Strength (a y ) = 200 MPa 

Normal Anisotropy (R) = 1-4 

The thickness of the initial blank is chosen as 1.0 mm and the initial blank diameter is 
calculated to satisfy the chosen relative sheet thickness value. Since the data regarding the 
die geometry and friction condition are not reported by Lange[1985], die arc radius for the 
first draw is chosen as 8.5fo and for the subsequent draws it is taken as 0.8 times of previous 
draw die arc radius [Lange, 1985] and coefficient of friction (ff) is taken as 0.10 [Schuler, 1998]. 
From the table 4.3, it can be seen that the predictions of the model presented by So- 
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Table 4.4: Comparison between the predictions of the model presented by Sonis 1 [2001] 
and limiting drawing ratios suggested by www.ici.net/cust-pages//mr dro. /if 2 , [1996]. SAE 
1006( = 617(e e ) 0 ' 310 MPa, a y = 200 MPa),DQ Killed( d e = 610(e e )°' 22 MPa, a y = 172 MPa 

), DQ Rimmed ( <r e = 619(e e ) 0 - 21 MPa, a y = 207 MPa ), r c/ = 50 mm, r d = 8.5 * t„, t 0 = 1 
mm 


nis [2001] are in good agreement with the suggested drawing ratios of Lange [1985]. The 
discrepancy in the result may be due to the following reasons: 

• different friction conditions used. 

• different die geometry used. 

• thickness of the sheet considered as 1.0 mm in the present work. 

• bending and unbending effects which are neglected in the present work. 

Table 4.4 shows the comparison between the predictions of the model presented by So- 
nis [2001] with the limiting drawing ratios suggested by www.ici.net/cust-pages/hardro/hardro.html 
[ 1996]. It can be seen that they are in good agreement. The data regarding die geometry and 
lubricant used are not given by him. Die design guidelines concerned to punch corner radius 
are taken from the section 2.3. In the present case, cup radius and initial blank thinkness is 
taken as 50mm and 1mm respectively. The discrepancy in the predictions can be attributed 
to the possible variations in the friction conditions and die geometry used. 

4.3 Case Studies 

In the present work, four cases are considered to demonstrate the capabilities of the developed 
system. The components chosen for study do not contain flange portion and the last draw 
in the process plan table gives the final draw in which limiting drawing ratio is adjusted to 
get the required cup radius. For the case studies, the material is chosen is CA-DDQ steel, 
which has the maximum drawing ratio of approximately 6.5 [Lange, 1985]. W hen the material 
reaches this limit, it has to be annealed to achieve further reduction. In the present system, 
to be on the conservative side, its value is taken as 6.0. 




4.3.1 Input Parameters to the System 

This section presents the input parameters required by the system. They are as follows: 

• Final Part Geometry (modeled using feature primitives): The final part geometry is 
required to determine the initial blank diameter using the Pappus’s Second Theorem 
[section 2.2] with the trim allowance added to it. 

• The cup thickness (to). 

• Material properties, friction coefficient etc. from the system database. 

• Runtime decisions from user for alternative process plans. 

4.3.2 Output from the System 

Given the input, the following output can be generated from the system. 

• Material selected: The system displays the material chosen by the user [section 2.4]. 

• Suggested lubricant: According to the material selected by the user, the system suggests 
the lubricant to be used [Section 2.4]. 

• Press suggested: According to the calculated drawing force required, the system suggests 
the press to be used [Section 2.4]. 

• Blank radius: The blank radius is calculated using papus’s second theorem with trim 
allowance added to it [Section 2.2]. 

• Die arc radius (r^): The present system uses the die arc radius as 8.5 times the sheet 
thickness for the first draw and for subsequent redraws it is taken as 0.8 times the 
previous draw die arc radius [Section 2.3]. 

• Punch corner radius(r p ): In the present system, the punch corner radius for all draws is 
taken as 3 mm larger than the final punch corner radius (r Pf ) and for the final draw it 
is equal to the required dimensions on the product [Section 2.3j. 

• Die-to-punch clearance: The system uses punch-to-die clearance as 1.09 to for the first 
draw, 1.10 to for redraws and 1.09 to for the final draw" [Section 2.3]. 

• Limiting drawing ratio (LDR): Analysis model developed by Sonis [2001] is used to calcu- 
late the limiting drawing ratios for the first and subsequent draws [Section 2 . 4 ], 

• Number of draws: The limiting drawing ratio in each pass decides the number of draws 
required to achieve the required drawing ratio. 



• Annealing stage. If the material exceeds its maximum drawing ratio limit, it has to 
be annealed to achieve further deformation. The system suggests the stage at which 
annealing is required. There is a provision to select the annealing stage to generate all 
feasible process sequences. 

• Percentage reduction: The percentage reduction at each draw is given by 

Percentage Reduction for first draw = (— — - c ° ) x 100 

Rq 

Percentage Reduction for redraws = (-^i -) x 100 

T Ci- 1 

where, i — 1,2, 3, ....N . 

4.3.3 Case I 

To demonstrate the capabilities of the system developed, an example is selected which requires 
less reduction and the final shape can be achieved in one pass, without reaching the annealing 
limit. Table 4.5 shows the system ouput for this case. System output is presented below: 

Input to the system: 

Cup radius (r Cf ) = 50 mm 

Punch radius (r P/ ) = 6.0 mm 

Flange width (F w ) = 0.0 

Final cup height (H) = 80 mm 

Blank thickness ( to ) = 1.0 mm 

Material = CA DDQ steel ((d) = 610(e) 0 - 263 MPa) 

Output from the system: 

Material = CA DDQ steel ((d) = 610(e) 0 - 263 MPa) 

Lubricant suggested: Emulsified mineral oil (fj, = 0.1) 

Press suggested: Single action hydraulic press 
Initial blank radius (i?o) = 104.0 mm 
Punch corner radius for draw ” 1” = 6 mm 


4.3.4 Case II 

Here, an example is selected in such a way that it requires two passes to achie\e the cup 
radius. From the table 4.6 it is clear that the desired diameter reduction is achieved in two 
passes and the part does not require intermediate annealing. 



No. of 
Draws 
(0 

Die Arc 
Radius 
r d (mm) 

Punch-to- 
die clearance 
(mm) 

LDRi 

RRtotal 

Cup Radius 

r Ci -i 

(mm) 

Percentage 

Reduction 

1 

8.5 

1.09 

2.08 

2.08 

50 

51.9 


Table 4.5: Process plan output (Case I) 


Input to the system: 

Cup radius (r C/ ) = 50.0 mm 

Punch radius (r Pf ) = 6.0 mm 

Flange width (F w ) — 0.0 

Final cup height (H) = 190 mm 

Blank thickness (to) = 1.0 mm 

Material = CA DDQ steel ((a) = 610(e) 0-263 MPa) 

Output from the system: 

Material = CA DDQ steel ((a) = 610(e) 0-263 MPa) 
Lubricant suggested: Emulsified mineral oil (/x = 0.1) 
Press suggested: Single action hydraulic press 
Initial blank radius (i? 0 ) = 150.0 mm 
Punch corner radius for draw ”1” = 9 mm 
Punch corner radius for draw ” 2” = 6 mm 


No. of 
Draws 

(i) 

Die Arc 
Radius 
r d (mm) 

Punch-to- 
die clearance 
(mm) 

LDRi 

DRtotal 

Cup Radius 

(mm) 

Percentage 

Reduction 

1 

8.5 

1.09 

2.31 

2.31 

65 

56.7 

2 

1 

6.8 

1.09 

1.3 

3.07 

50.0 

23.1 


Table 4.6: Process plan output (Case II) 





4.3.5 Case III 


From the table 4.7 it is clear that the desired diameter reduction is achieved in three passes 
and the part does not require intermediate annealing. 

Input to the system: 

Cup radius (r C/ ) = 50.0 mm 

Punch radius (r P/ ) = 5.0 mm 

Flange width ( F w ) = 0.0 mm 

Final cup height (H) = 280 mm 

Blank thickness (t 0 ) = 1.0 mm 

Material = CA DDQ steel ((d) = 610(e) 0 - 263 MPa) 

Output from the system: 

Material = CA DDQ steel ((d) = 610(e) 0 - 263 MPa) 

Lubricant suggested: Emulsified mineral oil (ju = 0.1) 

Press suggested: Single action hydraulic press 
Initial blank radius (Rq) = 179.0 mm 
Punch corner radius for draws ”1-2” = 8.0 mm 
Punch corner radius for draw ”3” = 5.0 mm 


No. of 
Draws 
(0 

Die Arc 
Radius 

Td (mm) 

Punch-to- 
Die Clearance 
(mm) 

LDRi 

DRtotal 

Cup Radius 

r *-i 

(mm) 

Percentage 
Reduction l 

1 

8.5 

1.09 

2.29 

2.29 

78.1 

56.4 

2 

6.8 

1.10 

1.27 

2.9 

61.71 

20.98 

3 

5.4 

1.09 

1.23 

3.56 

50 

18.98 


Table 4.7: Process plan output without annealing (Case III) 


In this case, even though the annealing stage has not reached, if the annealing is performed 
after the first draw, the process sequence would consist of two draws only. The limiting draw- 
ing ratio obtained after annealing is 2.41. In order to achieve the required cup radius, the 
limiting drawing ratio is adjusted in the final draw as shown in Table 4.8. It depends on the 
process planner to select the process plan which has the least production cost by considering 
the annealing and tooling costs. Cost comparisons are not considered in the present work. 




No. of 
Draws 

(i) 

Die Arc 
radius 
r d (mm) 

Punch-to- 
die clearance 
(mm) 

LDIU 

total 

Cup Radius 

r *-i 

(mm) 

Percentage 

Reduction 

1 

8.5 

1.09 

2.29 

2.29 

78.1 

56.4 

2* 

6.8 

1.09 

1.56 

1.56 

50 

35.89 


Table 4.8: Process plan output with annealing after first draw (Case III) 


4.3.6 Case IV 

In this case, the part is selected such that the total drawing ratio exceeds the critical drawing 
ratio of the material selected that can be achieved without intermediate annealing. 

Input to the system: 

Cup radius (r Cf ) = 50.0 mm 

Punch radius (r Pf ) — 4.0 mm 

Flange width (F w ) — 0.0 mm 

Final cup height ( H ) = 1330 mm 

Blank thickness (to) = TO mm 

Material = CADDQ steel ((a) = 610(e) 0 - 263 

Output from the system: 

Material = CA DDQ steel ((a) = 610(e) 0 - 263 
Lubricant suggested: Emulsified mineral oil (/r = 0.1) 

Press suggested: Single action hydraulic press 
Initial blank radius (R 0 ) = 380 mm 

Punch corner radius for all draws (except final draw) = 7 mm 
Punch corner radius for final draw = 4 mm 

In this case, the required cup radius cannot be achieved without annealing as the critical 
drawing ratio is exceeded in the seventh pass [table 4.9]. Thus annealing is required after 
sixth pass. As annealing is necessary to achieve the required cup radius. Tables 4.10 to 4.12 
shows the alternative process plans generated by the system (after taking the input from the 
user regarding the annealing stage) when annealing is done after first, second and third draw . 




No. of 
Draws 
(0- 

Die Arc 
Radius 
r d (mm) 

Punch-to- 
die clearance 
(mm) 

LDRi 

&Rtotal 

Cup Radius 

(mm) 

Percentage 

Reduction 

1 

8.5 

1.09 

2.25 

2.25 

168.98 

55.52 

2 

6.8 

1.10 

1.20 

2.69 

140.6 

16.67 

3 

5.4 

1.10 

1.20 

3.22 

117.3 

16.67 

4 

4.4 

1.10 

1.187 

3.82 

98.95 

15.75 

5 

4.4 

1.10 

1.187 

4.53 

83.36 

15.75 

6 

4.4 

1.10 

1.187 

5.38 

70.23 

15.75 

7 

4.4 

1.10 

1.177 

6.33 

59.66 

15.0 

Table 4.9: Process plan output without Annealing(£ 0 = 

1.0 mm) 

No. of 
Draws 

Die Arc 
Radius 
r d (mm) 

Punch-to- 
die clearance 
(mm) 

LDRi 

DRtotal 

Cup Radius 

r «-i 

(mm) 

Percentage 

Reduction 

i 

8.5 

1.09 

2.25 

2.25 

168.89 

55.52 

2* 

6.8 

1.10 

2.29 

2.29 

73.58 

56.45 

3 

5.4 

1.10 

1.25 

2.87 

58.86 

20.0 

4 

4.4 

1.09 

1.18 

3.37 

50.0 

15.05 


Table 4.10: Annealing after first draw 


From tables 4.10 and 4.11 it is clear that the number of stages required to achieve the 
required reduction are same. If the annealing is performed after the third stage, the number 
of pass required [ table 4.12] to achieve the required reduction are higher than that of when 
annealing is performed after first and second draw [tables 4.10 and 4.11]. The strength of 
the cup, however, would be more when annealing is performed after first draw since strain 
induced in this case would be more. Hence, the process sequence fox the gi\en part should 
have annealing stage after the first draw. The selected process plan is shown in the Table 4.13 



No. of 
Draws 

Die Arc 
Radius 
r d (mm) 

Punch-to- 
die clearance 
(mm) 

LDRi 

DRtotal 

Cup Radius 

r e<-i 

(mm) 

Percentage 

Reduction 

1 

8.5 

1.09 

2.25 

2.25 

168.89 

55.5 

2 

6.8 

1.10 

1.20 

2.69 

140.6 

16.67 

3* 

5.4 

1.10 

2.29 

2.29 

61.6 

56.3 

4 

4.4 

1.09 

1.23 

2.82 

50.0 

18.69 


Table 4.11: Annealing after second draw 


No. of 
Draws 

w 

Die Arc 
Radius 
r d (mm) 

Punch-to- 
die clearance 
(mm) 

LDRi 

DRtotal 

Cup Radius 

1 

(mm) 

Percentage 

Reduction 

1 

8.5 

1.09 

2.25 

2.25 

168.89 

55.5 

2 

6.8 

1.10 

1.20 

2.69 

140.6 

16.67 

3 

5.4 

1.10 

1.20 

3.22 

117.3 

16.67 

4* 

4.4 

1.10 

2.29 

2.29 

51.48 

56.34 

5 

3.5 

1.09 

1.03 

2.35 

50.0 

3.1 


Table 4.12: Annealing after third draw 


No. of 
Draws 

(i) 

Die Arc 
Radius 
r d (mm) 

Punch-to- 
die clearance 
(mm) 

LDRi 

BRtotal 

Cup Radius 

r Ci- 1 

(mm) 

Percentage 

Reduction 

1 

8.5 

1.09 

2.25 

2.25 

169 

55.5 

2* 

6.8 

1.10 

2.25 

2.25 

75.1 

55.5 

3 

5.4 

1.10 

1.27 

2.86 

59 

21.5 

4 

4.4 

1.09 

1.18 

3.65 

50.0 

15.3 


Table 4.13: Process plan output (Case IV) 






Tables 4.14 shows that the limiting drawing ratio increases with the increase in the sheet 
thickness (when blank thickness is increased from 1.0 mm to 1.5 mm). Thus with increase in 
the blank thinkness, the total drawing ratio exceeds the critical drawing ratio in less number 
of passes. 


No. of 
Draws 
(0 

Die Arc 
Radius 
r d (mm) 

Punch-to- 
die clearance 
(mm) 

LDRi 

DRtotal 

Cup Radius 

r «-i 

(mm) 

Percentage 

Reduction 

i 

12.75 

1.63 

3.11 

3.11 

121.98 

67.89 

2 

10.2 

1.65 

1.5 

4.67 

81.32 

33.33 

3 

8.16 

1.65 

1.43 

6.717 

56.57 

30.43 


Table 4.14: Process plan output without Annealing(f 0 = 1.5 mm) 


In this case, the required cup radius cannot be achieved without annealing as the critical 
drawing ratio is exceeded in the third pass [ table 4.14]. Thus annealing is required after second 
pass. Tables 4.15 and 4.16 shows the alternative process plans generated by the system (after 
taking the input from the user regarding the annealing stage) when annealing is done after 
first and second draw. 


No. of 
Draws 
(0 

Die Arc 
Radius 
r d (mm) 

Punch-to- 
die clearance 
(mm) 

LDRi 

RRtotal 

Cup Radius 
r Ci _! 

(mm) 

Percentage 

Reduction 

1 

12.75 

1.63 

3.11 

3.11 

121.98 

67.89 

2* 

10.2 

1.63 

2.44 

2.44 

50 

59.01 


Table 4.15: Annealing after first draw (t 0 = 1.5 mm) 


From tables 4.15 and 4.16 it is clear that the annealing is performed after first stage, the 
number of pass required [ table 4.15] to achieve the required reduction are lesser than that of 
when annealing is performed after second draw [tables 4.16. Hence, the process sequence for 
the given part (with blank thickness = 1.5 mm) should have annealing stage after the first 
draw. 





No. of 
Draws 
(0 

Die Arc 
Radius 
r d (mm) 

Punch-to- 
die clearance 
(mm) 

LDRi 

DRtotal 

Cup Radius 

r «-i 

(mm) 

Percentage 

Reduction 

1 

12.75 

1.63 

3.11 

3.11 

121.98 

67.89 

2 

10.2 

1.65 

1.5 

4.672 

81.32 

33.33 

3* 

' 

8.16 

1.63 

1.62 

1.62 



50 

1 

38.51 


Table 4.16: Annealing after second draw (t 0 = 1.5 mm) 


4.4 Journey Through the System 

In this case, the working of the system is demonstrated to achieve the alternate process plans. 
The system involves the following steps to achieve the final result as shown from Figure 4.3 
to 4.9. 



Figure 4.3: Object modelling using geometric primitives 
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Figure 4.4: Material selection 
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Figure 4.5: Lubricant selection 
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Process plan output for axi-symmetric Deepdrawing 


Material selected: 
Lubricant suqqested : 
Initial blank radius : 


Punch radius for all draws : 6.0 

Cup radius : 60. 

Cup height 290 

Blank thickness 1.0 


CADDQ Steel 
Emulsified mineral oil 
201.0 


Die Arc 
Radius 

LDR 

0) 

Draw ratio 
(total) 

Cup Radius 

Reduction 

8.5 

2.28 

2.28 

88.1 

56.2 

6.8 

1.28 

2.92 

68.7 

22. 

5.44 

1.15 

3.75 

60. 

12.7 


Figure 4.8: Process plan without annealing 
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Process plan output for axi-symmetric Deepdrawing 

Material selected: CADDQ Steel 

Lubricant suqqested : Emulsified mineral oil 

Initial blank radius : 201 .0 

Punch radius for all draws : 6.0 

Cup radius : 60. 

Cup height 290 

Blank thickness 1.0 


Die Arc 

LDR 

Draw ratio 

Cup Radius 

Reduction 

Radius 

8.5 

(0 

2.28 

(total) 

2.28 

88.1 

56.2 

6.8 

1.47 

147 

60. 

31.9 


. ■£ 


Figure 4.9: Process plan with annealing 






Chapter 5 

Conclusions and Scope for the Future 
Work 

5.1 Conclusions 

The following conclusions are drawn from the present work: 

• An attempt is made to develop an intelligent aid to the process planner of deep drawing 
components. 

• Parametric product design module is developed. 

• The model presented by Sonis[2001] is based on the force equilibrium method can predict 
the limiting drawing ratio close to the experimental results for the first draw [White- 
lev, 1960 ; Rogers and Anderson, 1971 and El-Sebaie and Mellor, 1972], Also, the limiting 
drawing ratio predicted are in good agreement with the limiting drawing ratios available 
in standard metal forming handbook [Lange, 1985]. 

• The database of the system designed to be flexible with an easily extendable structure. 
Database can be modified with recompiling the system module for effective database 
management. 

• The proposed model has been implemented to generate process plan for manufacturing 
of axisymmetric deep drawing components. From the case study, it is clear that by 
selecting the appropriate annealing stage, the total number of draws required to achieve 
the desired cup geometry can be reduced. 

• The knowledge based system developed generates all feasible process plans considering 
formability limits and the rules in the database, user can select the best among them. 

• The computational time taken to generate the process plan is very low. 



5.2 Scope for the Future Work 


Further work can be carried out in the following aspects for process planning of deep drawing 
components: 

• Three dimensional volumetric modeling can be done for the geometric description. 

• In the present work, bending and unbending of the sheet metal during deep drawing is 
not considered and they have to be included to get more accurate results. 

• Optimal geometrical sequencing in conjunction with the analysis model can be gener- 
ated. 

• Data can be collected from industries and added to the database. 
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Appendix A: Solutions of the Integral 
Terms 
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The integral term at the right side of the Eq. ( ) can also be approximated as : 
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Based on the volume constancy of the plastic deformation in the flange region of the cup- 
drawing, i.e. jRq - Tq = R 2 - r 2 = Rj - r 2 rf = C 2 ^constant. Eq. ( ) can be expressed 
as 
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Sustituting the above terms in Eq.( ), the following equation., i.e. Eq. (0 can be obtained: 
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Let Ri + 1 be the intermediate radius on the base of the cup after I pass. From the volume 
constancy, K 2 - r 2 = R? +1 - r% = C 1 =constant 
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Equation becomes 
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